Abstract: This paper proposes a new receiver based on frequency-domain diversity combining (FDDC) for an asymmetrically clipped optical orthogonal frequency-division multiplexing (ACO-OFDM) system. Compared with its time-domain diversity combining (TDDC) counterpart, the FDDC receiver is capable of more effectively exploiting the frequency selectivity of the channel to further improve the detection performance, which is proved by postcombining signal-to-noise-ratio (SNR) analysis. An enhanced version of the FDDC receiver, which is called eFDDC, is also proposed subsequently. It allows for optimal selection among multiple sets of candidate symbol vectors based on signum matrix estimation. Simulation results show that the proposed FDDC and eFDDC receivers outperform the TDDC receiver. With a sufficient number of candidate symbol vector sets, the eFDDC receiver even outperforms a kind of iterative receiver, which is known to have superior performance in current literature, yet the complexity of eFDDC is lower due to the avoidance of matrix inversion. Those facts suggest that the FDDC and eFDDC receivers are strong receiver candidates for the ACO-OFDM system.
Introduction
Visible light communication (VLC), which uses low-cost light emitting diodes (LEDs) as a light source, constitutes an important part of optical wireless communication [1] . One key technical aspect of VLC is the modulation format and its corresponding receiving scheme. Due to the reflections of light, the VLC channel can be viewed as multipath channel. To ease the transceiver design, as in radio frequency communications, orthogonal frequency division multiplexing (OFDM) technique has been widely adopted in VLC with proper modifications to accommodate the intensity modulation direct detection (IM/DD) channel. Several optical forms of OFDM have been proposed in the literature to generate real and positive signal as required by the IM/DD channel. In general, those systems require the frequency domain symbols to be Hermitian symmetric such that the time domain signal is real (but still bipolar). In direct current biased optical OFDM (DCO-OFDM) [2] , the positive samples are generated by adding a DC offset followed by negative clipping. This approach is straightforward. However, DC carries no information and introduces power penalty. To avoid DC, a novel method called asymmetrically clipped optical OFDM (ACO-OFDM) is proposed in [3] . ACO-OFDM transmitter introduces oversampling in frequency domain and anti-symmetry in time domain. On one hand, the anti-symmetry property indicates that ACO-OFDM can perform direct clipping with no DC bias nor any information loss. On the other hand, those special signal structures make it possible to design different types of receivers for ACO-OFDM, which will be the focus of this paper.
Beside ACO-OFDM, several other optical OFDM forms that avoid DC bias have also been proposed, such as pulse amplitude modulation-discrete multitone (PAM-DMT) [4] , flip-OFDM [5] and recently proposed spectral and energy efficient OFDM (SEE-OFDM) [6] and enhanced unipolar OFDM (eU-OFDM) [7] . Compared to PAM-DMT, ACO-OFDM accepts modulation with complex constellations. Compared with flip-OFDM (eU-OFDM consists of several layers of flip-OFDM), ACO-OFDM only needs half transmission time. In addition, ACO-OFDM is the basic component of SEE-OFDM. Therefore, we will focus on ACO-OFDM in this paper. However, we note here that the aforementioned systems are similar in the sense that they all employ direct negative clipping, which results in clipping noise that is orthogonal to the desired signal. The key principle of receiver design for those systems is to efficiently utilize the clipping noise rather than simply discard it. In general, the ideas of ACO-OFDM receiver design are applicable to other systems with proper modifications, as will be exemplified in the next paragraph. Therefore, the proposed schemes in this paper can be helpful to the receiver design of other systems.
In [3] , it is found that the clipping noise in ACO-OFDM does not distort the data on odd subcarriers. Based on this observation, a simple receiver is introduced therein. Later, [8] proves that the clipping distortion on even subcarriers also has a special structure that depends on the data. A diversity combining receiver, which combines the signals on both odd and even subcarriers for symbol detection, is then proposed to improve the performance. This receiver is also proposed in [9] with mean square error analysis later [10] . Recently, [11] applies this kind of receiver to fiber link communications. In [12] , a pair-wise maximum likelihood (ML) detection receiver is proposed based on the anti-symmetry of time domain samples. [13] further introduces a threshold for the ML detection receiver. However, no analytical expression of the threshold is given. An iterative receiver which is also based on the diversity combining principle is proposed in [14] . It achieves the best performance compared to the original diversity combining receiver and pair-wise ML detection receiver, which is proved theoretically and experimentally. This iterative idea has also been employed in other optical OFDM systems such as PAM-DMT [15] , flip-OFDM [16] , and eU-OFDM [17] . However, the iterative receiver suffers from high computational complexity owing to the matrix inversion. Therefore, a receiver with good tradeoff between the performance and complexity is desired, which is the motivation of this work.
In this paper, we propose a new diversity combining receiver. Different with the current one that performs diversity combining in time domain, the proposed receiver shifts the diversity combining into frequency domain. This allows for exploiting the frequency selectivity gain provided by the VLC channels more effectively. To prove the superiority of the proposed receiver over its time domain counterpart, post-combining signal-to-noise ratio (SNR) analysis is carried out. Moreover, we also propose an enhanced version of the frequency domain diversity combining receiver which performs multiple-candidate symbol vector selection based on a simple metric. Computer simulations show that with proper selection of related parameters, the enhanced receiver even outperforms the iterative receiver yet having a much lower complexity due to the avoidance of matrix inversion. At the receiver side, an optical-electrical converter such as a photodiode (PD) is used to convert the power of light into electrical current. The analog signal is then converted to digital samples. In the following, we focus on the electrical domain. Perfect timing and channel estimation is also assumed in this paper. In [3] , it is proved that the clipping distortion is purely on the even subcarriers. The odd subcarriers are not affected by the clipping operation except for a scaling factor. Specifically, denote X and X c as the fast Fourier transform (FFT) of x and x c , respectively. It is obvious that X ð2k þ 1Þ ¼ Uðk Þ ¼Ũðk Þ for k ¼ 0; . . . ; N=4 À 1. In addition, according to [3] 
System Model
for k ¼ 0; . . . ; N=2 À 1. Therefore, at the receiver side, the transmitted symbols can be detected by using only the odd subcarriers. Denoting the frequency domain received signal after CP removal and FFT as Y and the equivalent (electrical) channel frequency response as H, one has the input/output relationship as
for k ¼ 0; . . . ; N À 1, where Z ðk Þ is the additive white Gaussian noise (AWGN) with zero mean and variance 2 n . Using only the odd subcarriers, one has
for k ¼ 0; 1; . . . ; N=4 À 1, and Uðk Þ (thus,Ũðk Þ) could be readily detected using such as zeroforcing (ZF) or minimum mean squared error (MMSE) equalizers. In this paper, we refer to this original receiver as conventional receiver.
Time Domain Diversity Combining Receiver
Although the conventional receiver is simple, it does not fully utilize the received power, i.e., the signals on the even subcarriers are discarded directly, resulting in potential performance loss. In [8] , the intrinsic signal structure of the even subcarriers is unveiled. It is found that the signal on the even subcarriers is also a dedicated function of the transmitted symbols and, thus, can be exploited to aid symbol detection. In detail, while (1) suggests X c ðk Þ with odd k can be expressed as the FFT of ð1=2Þx ðnÞ, it is further proved in [8] that X c ðk Þ with even k is the FFT of ð1=2Þjx ðnÞj. Based on this observation, a new receiver based on time domain diversity combining (referred to as TDDC receiver in this paper) was proposed therein. As illustrated in Fig. 2 , in TDDC receiver, the odd and even components after frequency domain channel equalization, which aims to tackle the frequency selectivity of the channel by multiplying 1=Hðk Þ on each subcarrier, are separated and reloaded onto only the odd and even subcarriers of two additional IFFT modules, respectively. The resultant time domain signals, denoted by y o and y e , will have the following expressions as a result of the aforementioned properties:
wherez o andz e are noise components for the two branches, respectively. To proceed, a new signal y r is generated by a nonlinear operation based on y o and y e : 
for n ¼ 0; . . . ; N À 1, where sgnðÁÞ denotes the signum function. Then, y o and y r are linearly combined with a coefficient :x
x is considered as the estimation of x and is further transformed to frequency domain for symbol detection. Here, the optimal is chosen based on empirical results: It is 0.4 for quadrature phase shift keying (QPSK) and 0.45 for higher order quadrature amplitude modulation (QAM) constellations [8] .
Proposed Frequency Domain Diversity Combining Receiver

Basic Form
In VLC, the practical channel still exhibits multipath effect due to the reflections of light during the propagation. This results in channel frequency selectivity and needs to be tackled at the receiver. Although the TDDC receiver improves the performance compared to the conventional receiver by utilizing the even subcarriers as a new diversity branch, the frequency selectivity among all the subcarriers is not sufficiently exploited in TDDC receiver. The main reason is that a common coefficient is employed for all branch pairs, as shown in (6) . While this is reasonable as we can prove that the variances of both time-domain noise variablesz o ðnÞ andz e ðnÞ in (4) do not vary with index n (see Section 5.2.), the situation becomes different if we further transform (4) into frequency domain. To show this, we write the frequency domain expression of (4):
where W denotes the FFT matrix of size N, S is a diagonal matrix whose main diagonal entries are the signs of x ðnÞ, and ðÁÞ H denotes conjugate transpose. The signal related to even subcarriers, i.e., Y e , can be further transformed into n;e ðk Þ vary with index k and depend on the channel H (see also Section 5.2.). This observation exposes the channel variation (frequency selectivity) compared to (4) and naturally suggests a new diversity combining scheme in frequency domain: for each frequency bin with (odd valued) index k , the combining is done byX
The optimal combining coefficient k can be chosen such that the post-combining SNR of X ðk Þ is maximized:
where P X is the power of X ðk Þ. We refer to this proposed receiver as FDDC receiver. The block diagram is given by Fig. 3. 
Enhanced FDDC Receiver
In the aforementioned FDDC receiver, the main factor of uncertainty except for noise lies in the estimation of the diagonal matrix S. If S is imperfectly estimated, then ! Z e will contain additional interference components and the performance of the receiver may deteriorate. Since the signs are estimated based on y o , the sign of y o ðnÞ with small absolute value is more likely affected by noise than that of y o ðmÞ with larger absolute value. In other words, sgnðy o ðnÞÞ is more reliable if jy o ðnÞj is large and vice versa. Based on this fact, we propose an enhanced version of FDDC (referred to as eFDDC) receiver to further boost its performance.
The basic idea is to generate multiple estimates of S, denoted by S i ; i ¼ 1; . . . ; 2 L , based on y o . The generation rule is as follows. Firstly, generate a basic S just as in FDDC receiver. Secondly, locate L out of N positions of y o with smallest absolute values jy o ðk Þj. Those locations are tagged as undefined locations. Thirdly, for undefined locations in S, replace them with different possible value sets (+1 or −1): there will be 2 L candidate value sets in total. By now, we can get all the S i ; i ¼ 1; . . . ; 2 L . Then, for each S i , we perform FDDC as in (9) to get the symbol vector estimation, denoted bŷ X i . Finally, we choose one from 2 L candidateX i having highest reliability. The metric defining reliability can be chosen based on (2): where k Á k denotes the ' 2 -norm, andx c;i is obtained by repeating the procedures at the transmitter side upon clipping operation withX i as the IFFT input. Note that (11) is nothing but the Euclidean distance metric involving both odd and even subcarriers (the conventional receiver only involves odd subcarriers). However, detection by directly minimizing this metric is a highly nonlinear problem due to the clipping operation. On the other hand, in the proposed receiver, only 2 L candidate symbol vector sets are tested and the one minimizing the metric is picked as the final decision. Although the result is suboptimal, it avoids complicated optimization procedure and is more practical.
Performance Analysis
Post-Combining SNR Analysis
In this subsection, we show that FDDC receiver always outperforms TDDC receiver by comparing their SNR performance after diversity combining. The analysis is quite straightforward and can be intuitively explained as follows. In TDDC receiver, the combining in (6) can be transformed to frequency domain:X
, in which the second equality comes from (5), and the last equality holds by the definition of ! Y e in (8) . Comparing (9) and (12), it is found that for any subcarrier k , TDDC receiver uses a common combining coefficient but FDDC receiver chooses a specific coefficient k which is optimized by (10) . Clearly, FDDC receiver maximizes the SNR per subcarrier and is expected to perform no worse than its TDDC counterpart in a general channel. In the extreme case of flat channels, both ! 2 n;o ðk Þ and ! 2 n;e ðk Þ do not change with subcarrier index k . In this case, FDDC receiver performs equally well as TDDC receiver.
Complexity Analysis
In this subsection, we compare the computational complexity of different receivers using OðÁÞ notation with respect to N. First, all receivers need FFT module at the beginning and their complexities are at least OðNlog 2 NÞ. For the conventional receiver, additional computation is the single-tap channel equalization on N=4 subcarriers which needs complexity of OðNÞ. Therefore, the total complexity of the conventional receiver is just OðNlog 2 NÞ. For the TDDC receiver, as shown in Fig. 2 , several additional FFT/IFFT modules are involved, and the complexity is OðNlog 2 NÞ. The equalization and linear combining operations cost OðNÞ. In total, the complexity is still OðNlog 2 NÞ. For the iterative receiver in [14] , the dominating computation is the matrix inversion whose complexity is as much as OðN 3 Þ. For the FDDC receiver, the computations consist of several parts. First, as in TDDC, the channel equalization and linear combining have complexity of OðNÞ. Second, the FFT/IFFT operations used in (8) cost OðNlog 2 NÞ computations. Thirdly, to obtain the variances ! 2 n;o ðk Þ and ! 2 n;e ðk Þ, one needs to compute the diagonal entries of the covariance matrices ofZ o and ! Z e . Denoting P o (P e ) as an N-by-N=2 matrix whose odd (even) rows form an identity matrix and even (odd) rows are all zeros, one can get
Thus, their covariance matrices are given by
H Ã o W is a Toeplitz matrix. Therefore, its main diagonal entries are all the same. Similar conclusion could be drawn forz e . However, V Z ;o and V Z ;e do not possess such a special structure, and their main diagonal entries vary with indices.
For the eFDDC receiver, the additional computations compared to FDDC is the calculation of ! 2 n;e ðk Þ and the metric in (11) for each candidate S i . Therefore, the total complexity of eFDDC receiver is Oð2 L N 2 Þ. The complexities of different receivers are summarized in Table 1 . It can seen that FDDC is less complex than the iterative receiver. For eFDDC, when L is not large, it is also less complex than the iterative receiver. At the same time, the eFDDC receiver performs better than the iterative receiver, as will be shown in the next part.
Simulation Results
In this section, we compare the performance of different ACO-OFDM receivers through computer simulations. The transmitter and receiver are assumed to be placed in an empty room of size 8 m Â 6 m Â 4 m with reflection coefficients 0.8, 0.8, and 0.3 for the ceiling, the walls, and the floor, respectively. A single LED with 3-dB bandwidth of 50 MHz is deployed and attached 0.1 m below the ceiling at the center position of (4 m, 3 m, 3.8 m). To generate line-of-sight (LOS) channel, the LED is pointed straight down. To generate non-line-of-sight (NLOS) channel, the LED is pointed straight up to allow the light reflecting by the ceiling. The receiver is assumed 1 m above the floor and point straight up with an 80 degree of field-of-view for the PD. The VLC channels are generated using the method in [18] . The sampling frequency is F s ¼ 100 MHz and the maximum number of light bounces is set as 3. By randomly setting the receiver at different positions on its horizontal plain, we can get multiple channel realizations. Each channel realization is tested with sufficient number of noise realizations. All the results of all channel realizations are averaged at last. Fig. 4 illustrates a sample view of the normalized impulse response and the frequency response of LOS and NLOS channels. It can be found that both LOS and NLOS channels suffer from multipath effects, however, NLOS channel is more frequency selective compared to LOS channel. In simulation, the number of subcarriers is N ¼ 64, and the length of CP is G ¼ 10, according to the channel realizations. Thus, one OFDM symbol duration is ðN þ GÞ=F s ¼ 0:74 ms, and the subcarrier spacing is F s =N ¼ 1:56 MHz. Fig. 5 shows the simulated symbol error rate (SER) performance with respect to the received SNR for different types of receivers. ZF equalization is utilized. The labels "Conv" and "Iterative" denote the conventional receiver and iterative receiver in [14] , respectively. The number of iterations for the iterative receiver is set as 3, which is sufficient for convergence. The modulation format is QPSK. The two subfigures illustrate the performance in LOS and NLOS channels, respectively. In any case, the proposed FDDC receiver outperforms the conventional receiver and the proposed eFDDC receiver outperforms the FDDC receiver. In LOS channels, the FDDC and TDDC receivers have almost the same SER performance, which is a consequence of the relatively flat channel response of LOS channel, as analyzed in Section 5.1. The iterative receiver performs only slightly better than the FDDC and TDDC receivers in low and medium SNR regimes and even worse at high SNR region. Note that the convergence analysis of the iterative receiver is still an open issue. For the eFDDC receiver, we choose L ¼ 1; 3; and 6, respectively. It can be found that eFDDC has the best performance at high SNR regime compared to other receivers, and its performance improves as L increases. For L ¼ 6, eFDDC is about 1 dB better than FDDC/TDDC and 1.2 dB better than the iterative scheme at SER of 10 À5 . In NLOS channels, the advantage of the proposed FDDC over TDDC receiver is more pronounced: FDDC clearly outperforms TDDC at high SNR regime. At SER of 10 À5 , FDDC is 1.1 dB better than TDDC. The SNR gain of eFDDC over other receivers is also notable in NLOS channels: With L ¼ 6 and SER of 10 À5 , the SNR gain of eFDDC is 2.3 dB compared to FDDC and 3.4 dB compared to TDDC. Fig. 6 shows the performance with higher order modulation. We choose QAM with order of 16. The SER behaviors of different receivers are similar to that of Fig. 5 . The iterative receiver is better than FDDC and TDDC in all SNR regions. The eFDDC receiver with larger L still achieves the best performance at high SNR region. From Figs. 5 and 6, one can also find that the performance of all receivers, including the proposed ones, is worse in NLOS channels compared to that in LOS channels. This indicates that the channel frequency selectivity has much impact on the receiver performance. Fortunately, the SNR gains of the proposed schemes over existing ones are more notable in NLOS channels. Those simulation results show that the proposed FDDC and eFDDC receivers are of good compromises between SER performance and computational complexity.
Conclusion
We have proposed a FDDC receiver for ACO-OFDM system. Compared to current TDDC receiver, the proposed one exploits the frequency selectivity of the transmission channel to further strengthen the performance, which is proved by post-combining SNR analysis. Based on the basic form FDDC receiver, we also proposed an enhanced version, i.e., eFDDC, that allows for candidate symbol vectors selection based on multiple estimates of signum matrix. Simulations showed the superior SER performance of FDDC and eFDDC receivers over conventional receiver and TDDC receiver. The eFDDC receiver with larger candidate set achieves the best performance and even outperforms the existing iterative receiver, which is known to have superior performance in current literature. Along with computational complexity analysis, it can be concluded that the proposed FDDC and eFDDC receivers are good compromises between performance and complexity for ACO-OFDM system.
